Background: Short-term trials indicate that intensive physical activity may influence endogenous sex hormone concentrations. However, the relationship between usual daily physical activity and endogenous hormones in postmenopausal women in the general population is still uncertain. Objective and Methods: To determine the relationship between usual physical activity and endogenous sex hormones in postmenopausal women. A cross-sectional population-based study of 2,082 postmenopausal women ages 55 to 81 years, residing in the general community of Norfolk, United Kingdom, and not currently using hormone replacement therapy were chosen to participate. Physical activity in the past 1 year was assessed using a validated questionnaire, and endogenous sex hormone and sex hormone -binding globulin (SHBG) concentrations were determined. Results: Usual physical activity levels were inversely associated with circulating concentrations of testosterone and estradiol, testosterone/SHBG ratio, and positively associated with SHBG. These associations were only slightly atten-
Introduction
Sex hormones have well documented biological effects. Exogenous postmenopausal estrogen and progestin supplementation has been extensively explored in observational studies and recently reported in a randomized clinical trial, the Women's Health Initiative, to increase cardiovascular disease and breast cancer risk (1) . Higher endogenous estrogen and androgen concentrations have also been associated with an increased risk of mammary gland cancer in animal studies (2) , and breast cancer in both premenopausal and postmenopausal women (3, 4) .
Physical activity is associated with lower risk of several diseases including cardiovascular disease and breast cancer (5, 6) . Observational studies suggest a protective relationship between increasing physical activity and breast cancer risk (7-9) among premenopausal and postmenopausal women. The magnitude of the risk reduction ranged from 10% to 70% for the most active women, and was, on average, between 30% and 40% for women who exercised for 3 to 4 h per week at moderate to vigorous levels compared with sedentary women (7) , with a dose-response relationship (8) .
Plausible mechanisms by which physical activity may modulate disease risk are through effects on hormone-related pathways, energy balance, and obesity, among others (10) . A recent randomized clinical trial of overweight postmenopausal women reported that women who were in a 12-month moderate intensity physical activity intervention in which there was a 2% or more loss of body fat, had a significantly greater reduction of circulating estrogens and androgens compared with a control group doing stretching exercises (11, 12) . It was not clear how far the reduction in hormone concentrations was explained by the reduction in body fat or by other possible mechanisms. However, less is known about the effects of physical activity within habitual activity ranges on endogenous sex hormone levels in postmenopausal women. Previous cross-sectional studies in postmenopausal women from the general population have reported inconsistent associations between usual physical activity and hormone levels (13) (14) (15) (16) (17) .
We investigated whether differences in endogenous sex hormone concentrations could be observed within the reference range of usual physical activity in a large free-living general population of postmenopausal women.
Materials and Methods
Study Population. The European Prospective Investigation into Cancer (EPIC) -Norfolk is a population-based prospective cohort of 25,663 men and women ages 40 years and above who were recruited between 1993 and 1997 from the general population in Norfolk, United Kingdom, detailed elsewhere (18) , and part of an international 10-country collaboration investigating diet and cancer. Participants completed a detailed baseline questionnaire on their health status, medical history, and lifestyle and reproductive factors. They also attended a health examination conducted by trained nurses who obtained anthropometric measurements based on a standard protocol. Between 1997 and 2000, f16,000 of the original cohort attended a second health examination with repeat questionnaire self-completion and health measurements. From participants in this second visit, 2,114 women were selected at random from the subset of women older than 55 years who were postmenopausal for 1 year or more and had not been on hormone replacement therapy (HRT) for the 3 months prior to the study. Nonfasting blood samples were taken and plasma and sera stored at À80jC until analysis. These women formed the basis of our study. Ethical approval of the EPIC-Norfolk Study was obtained from the Norwich Local Research Ethics Committee, and all participants gave written informed consent.
Physical Activity. The EPIC physical activity questionnaire (EPAQ2) used in the study cohort has been validated and tested for repeatability (19) . The self-completed questionnaire obtains information on the participants' physical activity in three major domains: the home, at work, and during recreation over the past 12 months (http://www.srl.cam.ac.uk/epic/ questionnaires/epaq2/). The participants' energy expenditure was assessed from the frequency, intensity, and duration per episode of self-reported physical activity in these domains. The questions, which comprised ordered categories of continuous variables on activities, were context-specific. An example with regard to walking is, rather than asking participants to estimate how far they had walked, the questionnaire asked participants to recall the time they had spent walking in different sections of their life at and around home, to work, at work, and walking for leisure. With regard to each activity, participants ticked one of the following categories: ''no times in the last 12 months'', ''less than once a month'', ''once per month'', ''two to three times a month'', ''once a week'', ''two to three times per week'', ''four to five times a week'', or ''six or more times a week.'' Replies obtained from all questions were aggregated based on the dimension of physical activity of interest. Energy expenditure at home, work, and during recreation were calculated by multiplying participation (h/wk) by the metabolic cost of each activity expressed in metabolic equivalents (MET) obtained from published articles, one MET being the ratio of the energy cost of a given activity to resting metabolic rate. Collectively, participants were then divided into four quartiles of physical activity index groups with level 1 defined as the least active group, progressively increasing to level 4, the highest.
The questionnaire had been previously validated using total energy expenditure as assessed by heart rate monitoring of participants with individual calibration, a method which is highly correlated with the gold standard method of whole body calorimetry and doubly labeled water. The validation process comprised 4-day heart rate monitoring of participants on four separate episodes over a 1-year period. Positive ageand sex-adjusted associations were found between the sum of self-reported recreational and occupational physical activity reported and objectively measured daytime energy expenditure (r = 0.28, P < 0.001). Self-reported time spent on vigorous activity correlated with cardiorespiratory fitness (r = 0.16, P < 0.05). Repeatability was high (r = 0.73).
Other Lifestyle and Reproductive Factors and Anthropometric Measures. Smoking status was derived from replies to the questions ''Do you smoke cigarettes?'' and ''If you have stopped smoking, how old were you when you gave up?''. Based on these responses, smokers were then categorized as ''current-smokers'', ''former-smokers'', and ''never-smokers''. Alcohol consumption was based on the question ''At present, about how many alcoholic drinks do you have each week?''. Participants quantified the number of pints of beer, cider or lager, number of glasses of wine, sherry, whisky, and other liquor consumed each week, which were then converted to units of alcohol per week. Half a pint of beer, cider, lager, and one glass of wine, spirits, and sherry were equivalent to one unit of alcohol (8 g by weight).
To determine age at menarche, participants were asked: ''How old were you when you had your first menstrual period?''. Age at first birth was ascertained based on their response to ''Have you had any children?'', and if ''yes'', the date of birth of each child was recorded. Parity was calculated based on the number of children recorded. Menopausal status was determined by the questions ''Are you still menstruating?'', ''If NO, how old were you when you stopped having periods?'' and ''How many periods have you had in the past 12 months?''. ''Menopause'' status was defined as not having had any periods in the last 12 months. Past oral contraceptive use was based on participants' responses to the questions: ''Have you ever taken 'the pill'?'' and ''If you are no longer taking 'the pill', at what age did you stop?''. Similar questions were asked for HRT. From the answers, the categories: ''ever'' and ''never'' users of oral contraceptives and HRT were determined.
The participants' height and weight in light clothing without shoes were measured with a free-standing stadiometer and calibrated digital scale (Salter) to the nearest 0.1 cm and 100 g, respectively. Body mass index (BMI) was calculated as weight (kg) divided by the square of height (m 2 ).
Sex Hormone Analysis. This is detailed elsewhere (20) . Nonfasting plasma samples were used for the determination of estradiol, testosterone, sex hormone -binding globulin (SHBG), 17a-hydroxyprogesterone (17OHP), androstenedione, and estrone sequentially. More than 94% of these participants had sufficient plasma or serum to complete estradiol, testosterone, 17OHP, and SHBG. Seventy-one percent of the participants had sufficient plasma or serum for androstenedione measurements, and 59% of the participants had sufficient plasma or serum for estrone measurements.
Estradiol was measured using RIA after ether extraction, and estrone by RIA after extraction with ether and liquid column chromatography on a Lipidex 5000 (Perkin-Elmer) with elution using chloroform/hexane/methanol (50:50:1). The within-and between-batch coefficients of variation of estradiol were 8.6% and 13%, respectively, at a concentration of 18 pmol/L, and the sensitivity limit was 3.0 pmol/L. Within-and between-batch coefficients of variations for estrone were 14% and 22% at 55 pmol/L, and sensitivity limit was at 15 pmol/L.
Testosterone was measured using solid-phase RIA kit (Diagnostic Products). Within-and between-batch coefficients of variation were 6.1% and 10%, respectively, at a concentration of 3.1 nmol/L, and the sensitivity limit was 0.14 nmol/L. Androstenedione was estimated using solidphase RIA. Within-and between-batch coefficients of variation were 5.6% and 11%, respectively, at a concentration of 3.5 nmol/L, and a sensitivity limit of 0.1 nmol/L. 17OHP was measured by RIA. Within-and between-batch coefficients of variation were 4.2% and 6.2%, respectively, at a concentration of 1.5 nmol/L and the sensitivity limit was 0.06 nmol/L. SHBG was measured by a liquid-phase immunoradiometric kit (Orion Diagnostica). Within-and between-batch coefficients cebp.aacrjournals.org Downloaded from of variation were 2.1% and 7.4%, respectively, at a concentration of 11 nmol/L, and a sensitivity limit of 0.5 nmol/L. Data Analyses. As the distributions of sex hormones and SHBG concentrations were skewed, they were log-transformed to approximate the normal distribution. Extreme outliers >4 SD from the mean were removed for estradiol, estrone, 17OHP, and testosterone measurements. ANOVA was used to compare means across hormone quartiles for continuous variables including age and BMI, and the m 2 test for frequencies for lifestyle and reproductive factors.
Mean hormone and SHBG levels were adjusted for age, and age and BMI in multivariate linear models, with additional adjustment for known and potential lifestyle and reproductive covariates (21, 22) . These included age at menarche (continuous), age at menopause (continuous) and parity (continuous), smoking status (categorical with current-, former-, and never-smokers), past use of oral contraceptive (categorical with ever, never), and past HRT (categorical with ever, never). Log mean of hormones and SHBG and their 95% confidence intervals (95% CI) were transformed back to their original scale, producing geometric means and their 95% CIs. For all analyses, a two-sided P test was used, taking the level of statistical significance as <0.05. Linear regression modeling was conducted and the hormone concentration of the highest to lowest activity levels with their 95% CI were assessed. The naturally log-h coefficients of hormones were reconverted back to the original coefficient by taking its exponential function, e h . This was used to estimate the multivariate adjusted percentage difference between the highest and lowest activity groups.
Results
The descriptive characteristics of 2,082 postmenopausal women with hormone measures and physical activity data are in Table 1 . Women who were least active were more likely to be older (69.0 years at level 1, and 61.7 years at level 4 of physical activity) with slightly higher BMI compared with women who were most active (27.1 versus 26.7 kg/m 2 ). They were also less likely to have used oral contraceptive or HRT in the past. No significant differences were found between differing physical activity levels with respect to smoking status, age at menarche and menopause, or parity. Least active women had the lowest alcohol consumption intake. They were also more likely to be older at the age at first birth.
Increasing physical activity levels were significantly associated with decreasing age-adjusted concentrations of circulating estradiol and testosterone, and decreasing ratios of estradiol/ SHBG and testosterone/SHBG (Table 2) . Differences in estradiol concentrations were partly explained by BMI differences. SHBG concentrations followed a U-shaped curve (P quadratic trend = 0.03; data not shown) with the highest concentrations at the highest activity level. The difference in estradiol/SHBG ratio between different physical activity levels was also partially explained by BMI (P = 0.03) and no longer statistically significant after adjusting for other covariates (P = 0.25) although the decreasing trend was still apparent but borderline (P linear trend = 0.07; data not shown). Testosterone, testosterone/SHBG and SHBG concentrations were only slightly attenuated but remained significant after adjusting for BMI and further for covariates. Concentrations of 17OHP were not significantly different across increasing activity levels, although there was a significant decreasing linear trend (P = 0.03; data not shown).
Testosterone concentrations and testosterone/SHBG ratios in the highest physical activity level group were 81% (95% CI, 73-91%) and 74% (95% CI, 66-87%) that of the lowest activity level group, respectively; estradiol concentration was 0.94 (95% CI, 88-100%).
Discussion
In this cohort of postmenopausal women who were not currently using exogenous hormones, we found an inverse relationship between usual physical activity levels and circulating concentrations of estradiol, testosterone, and the testosterone/SHBG ratio, and a U-shaped association with SHBG concentrations. These associations were only slightly attenuated after adjusting for additional potential covariates including lifestyle and reproductive factors. The estradiol/ SHBG ratio also decreased with higher physical activity levels. A significant decreasing trend for 17OHP concentrations was also observed. The significant differences observed were greatest and most consistent for total testosterone and testosterone/SHBG with f19% and 24% lower geometric mean levels in the highest compared with the lowest physical activity group. Estradiol and 17OHP were f6%, and 9% lower in the highest compared with the lowest physical activity groups, respectively. Although the cross-sectional design of our study does not allow us to infer a causal relationship between physical activity and hormone levels, our observations are nevertheless consistent with the results from the randomized clinical trial by McTiernan et al. of the effects of a moderate-intensity physical activity intervention comprising outdoor walking, treadmill, and stationary bicycling on endogenous hormones compared with the control group of stretching exercises in postmenopausal women (11, 12) . In their study of overweight postmenopausal women not on HRT, overweight women in the exercise intervention group who lost >2% body fat had significant reductions of testosterone and free testosterone levels of 10.1% and 12.2%, respectively, between baseline and at 12 months of the intervention compared with declines of 1.6% and 8.0% among controls (11) . Smaller decreases (0.5-2%) in body fat among exercisers also produced significant declines of testosterone and free testosterone levels between 4.7% and 10.4% compared with 2.8% and 4.3% among controls. Given similar levels of body fat loss, women randomized to the 12-month exercise program had greater declines in testosterone and bioavailable testosterone. Although not significant, effects in a similar direction were reported for androstenedione, dehydroepiandrosterone, and dehydroepiandrosterone sulfate with greater declines in exercisers than controls. Exercisers also had significant declines of 3.8%, 7.7%, and 8.2% in estrone, estradiol, and free estradiol levels, respectively, at 3 months of the intervention compared with controls; the effect being limited to women who had lost body fat (12) .
These results were also consistent with some previous reports (13, 14, 16, 17) . Cauley et al. found a negative relationship between estrone and estradiol levels and physical activity (16). Nelson et al. reported that compared with sedentary postmenopausal women, endurance-trained postmenopausal women had lower estrogen, specifically estrone, levels (17). Madigan et al. reported that in 125 postmenopausal women, androstenedione, estrone, and estrone sulfate were inversely associated with nonrecreational, but not with recreational, physical activity (13). Verkasalo et al. reported no differences for estradiol, SHBG, progesterone, luteinizing hormone, or follicle-stimulating hormone according to physical activity at work in postmenopausal women, although they reported that women who had >5 h a week of vigorous exercise had slightly elevated estradiol levels (14) . Testosterone and androstenedione levels were not reported in this study. The Tromso study did not report any significant associations between physical activity and hormones in postmenopausal women (15) . Inconsistencies in findings from different studies might reflect differences in the assessment of physical activity, and possibly, variable measurement errors in different components of physical activity.
In our study, postmenopausal women who were at physical activity level 2 (range, 18.5 to <43.5 MET h/wk) were expending an average of f2.6 to 6.2 MET h/d and those at level 3 were expending f6.2 to 12.4 MET h/d. In McTiernan et al.'s randomized controlled trial, participants undertook moderate-intensity sports/recreational exercise of 45 min a day for 5 days in a week over a 12-month period (11) . A current recommendation by the Centers for Disease Control and Prevention and American College of Sports Medicine for adults from the United States is that they should accumulate 30 min or more of moderate-intensity physical activity defined as 3 to 6 METs, 5 or more days of the week. Although direct comparison between McTiernan et al.'s and our study is not possible because of differences in population characteristics, study design, and objectives, it is nonetheless notable that in our study of postmenopausal women in free-living conditions, the association between estrogens and physical activity seemed to be partially accounted for by BMI, although the association between testosterone and physical activity remained largely independent of BMI. The magnitude of difference in testosterone and testosterone/ SHBG in the highest compared with the lowest activity group in our study was greater than that observed for the exercisers group who had lost >2% body fat at 12 months versus control group in McTiernan et al.'s study. The testosterone difference in our study of 11% (95% CI, 0-16%) comparing physical activity level 2 (equivalent to moderately intense activity) to level 1 approximates that of McTiernan's study.
One possible mechanism for the relationship between physical activity and the lower estradiol concentrations observed in postmenopausal women in our study could be a decrease in the aromatization of androgens, possibly as a result of the reduction of body fat substrate with weight loss (11, 12, 23 ). The higher physical activity level in our study was also associated with an increase in SHBG concentrations, supporting earlier reports (14, 24) , reflecting a reduction of bioavailable active fractions.
Physiologic studies indicate that the mode and intensity of physical activity affects the circulating endogenous hormone profile (25, 26) . Among premenopausal women, the mechanism by which physical activity affects steroidal sex hormones has been well studied through the examination of the effects of exercise on adrenocortical responses and the menstrual cycle, often with regard to high-intensity physical activity among women athletes. Physical activity has acute as well as longerterm effects on steroid sex hormones: proandrogens (dehydroepiandrosterone and dehydroepiandrosterone sulfate), androgens (testosterone and androstenedione), and estrogens (estradiol) through its action on the hypothalamic-pituitaryadrenal axis and the hypothalamic-pituitary-gonadal axis (9, (27) (28) (29) (30) (31) (32) (33) (34) (35) .
The relevance of studies on physical activity and hormones in premenopausal women to postmenopausal women is unclear, where the ovaries are no longer the primary source of sex hormone production. In addition, the acute effects of high-intensity physical activity in untrained women may alter hormone levels and patterns differently from trained women, and may also differ from usual physical activity in free-living women. As in premenopausal women, physical activity also exerts effects through the hypothalamic-pituitary-adrenal axis in postmenopausal women (28) . Acute bouts of physical activity among postmenopausal White and Black women ages between 51 and 61 years tested at submaximal exercise at 70% VO 2 max for 30 min of aerobic exercise on a cycle ergometer resulted in increased cortisol and dehydroepiandrosterone above resting levels (36), although dehydroepiandrosterone sulfate did not change significantly with exercise. Nevertheless, there is much less evidence on the effects of usual physical activity within the reference range of physical activity on hormone concentrations in free-living postmenopausal women in the general population.
Study Issues. We measured endogenous hormones among free-living postmenopausal women participating in a population-based study. Selection bias is unlikely to explain our results between physical activity and hormone concentrations, as it is not likely that associations would be in the opposite direction in women not participating in the study.
Measurement error requires consideration. Although EPAQ2 has been extensively validated against 24-h heart rate monitoring with individual calibration, a method which gives more precise quantification of physical activity energy expenditure (37) , and the validity of EPAQ2 is comparable to other physical activity instruments used in other large epidemiologic studies (38) , although all physical activity questionnaires have known limitations (39) .
Our study measured hormone levels at a single point in time, which may not be representative of a woman's hormone profile over time. However, sex hormone levels are comparatively more stable among postmenopausal compared with premenopausal women (4, 40) . Random measurement errors in assessing hormone concentrations and physical activity in our study are only likely to attenuate any associations, thereby underestimating any true associations.
Implications. Physical activity is associated with lower breast cancer and cardiovascular disease risk. High endogenous estradiol and testosterone levels are associated with increased breast cancer risk (3) . Increasing levels of usual physical activity across the reference range were associated with differences in endogenous hormone concentrations in postmenopausal women in our study. The magnitude of the association was substantial for testosterone and testosterone/ SHBG, f19% and 24% lower, respectively, in postmenopausal women in the highest compared with the lowest physical activity level, and could provide one plausible mechanism by which physical activity might be protective against breast cancer and other hormone-related diseases. Note: Geometric mean endogenous hormone and SHBG levels and their 95% CI, age adjusted, age and BMI adjusted, and age, BMI, and covariates adjusted in 2,082 postmenopausal women ages 55 to 81 y not on HRT in the EPIC-Norfolk (1997-2000) according to physical activity levels, and e h of highest versus lowest physical activity level calculated from the exponential of the h coefficient on the logged scale. *Covariates were age, BMI, smoking status, alcohol consumption, parity, age at menarche, age at menopause, past oral contraceptive use, and past HRT use.
